Objectives This study aimed to demonstrate the efficacy and safety of a newly developed elastomeric sealant, which does not require any blood coagulation system to exert its effect, during thoracic aortic surgery. Methods This is a multicenter, randomized study conducted in six hospitals in Japan. A total of 81 patients undergoing replacement surgery of a thoracic aortic aneurysm using cardiopulmonary bypass were randomized with a ratio of 2-:1 for those patients designated to receive the sealant (Group S, 54 patients) or those without the usage of the sealant (Group C, 27 patients). The primary endpoints were bleeding from each anastomosis at two time points: (1) immediately before applying protamine and (2) 15 min after applying protamine. The patients were followed for 6 months. Results The number of anastomoses checked for bleeding was 196 in Group S and 117 in Group C. Before protamine sulfate administration, complete hemostasis was obtained in 155 anastomoses (79%) in Group S compared to 45 anastomoses (38%) in Group C (p < 0.001). Fifteen minutes after the administration of protamine sulfate infusion, bleeding stopped completely in 173 anastomoses (88%) in Group S and in 71 anastomoses (61%, p < 0.001) in Group C. Between the two groups, there were no marked differences in the patient background or in the incidence of major adverse events. Conclusions The sealant is effective in achieving hemostasis, even under fully heparinized conditions. The novel sealant is safe and effective in thoracic aortic surgery, one of the most demanding surgical situations for hemostasis.
Introduction
Effective hemostasis is the key to the success of aortic surgery. Particularly in patients undergoing thoracic aorta replacement using cardiopulmonary bypass, the mandatory usage of heparin and occasional complication of coagulopathy make it difficult to achieve hemostasis. Although several surgical sealants have been introduced clinically [1] [2] [3] [4] , each has a number of limitations such as the inherent risk of infection due to the biological nature of the sealant, the requirement of an intact hematological coagulation system for the sealants to function, a weakened hemostatic function with the presence of liquid, and a lack of an elastomeric property causing compliance mismatch with the native aorta.
One of the authors (T.M.) developed an elastomeric sealant with a highly reactive copolymer of polyethylene glycol (PEG) and polypropylene glycol (PPG), in which both ends were capped with non-carcinogenic fluorinated hexamethylene diisocyanate [5, 6] (Fig. 1) . The sealant is provided as a viscous liquid in a syringe. Once applied to the anastomosis, the polymerization reaction proceeds via successive reaction of the isocyanate group with water molecules diffused into the sealant. Therefore, this sealant does not need any additional agents to initiate the reaction. After polymerization, the sealant exhibits an elastomeric property, following the pulsatile movement of the aorta. Testing in several animal models showed the sealant to have excellent hemostatic properties and a beneficial compliant nature [7, 8] . Satisfactory hemostasis was obtained in experimental models of end-to-end anastomosis of canine and porcine carotid arteries using only four stitches of simple interrupted sutures under fully heparinized conditions. Encouraged by these results, we hypothesized that the application of the sealant would improve hemostasis in thoracic aorta replacement with vascular prosthesis, even under heparinized conditions. After receiving approval of the protocol from the Pharmaceuticals and Medical Device Agency of Japan (PMDA), this randomized, multicenter trial was performed in patients undergoing surgery of the thoracic aorta.
Patients and methods

Patients
This is a multicenter, randomized, controlled, open-label study conducted in six hospitals in Japan. The inclusion criteria were (1) patients scheduled for thoracic aneurysm repair with replacement of the aorta, (2) between 20 and 79 years of age, and (3) able to give their written informed consent.
The exclusion criteria were emergent surgery, a ruptured aneurysm, reoperation through the same incision, severe infection, anemia (hemoglobin level < 9.0 g/100 ml), liver dysfunction (total bilirubin level > 3.0 mg/100 ml), renal dysfunction (creatinine level > 2.0 mg/100 ml), coagulopathy (fibrin degradation product > 30 μg/ml, or platelet count < 100,000/mm 2 ), diabetes (HbA1c > 8.0%), and receiving steroids. Patients who were scheduled for aortic root surgeries, such as Bentall operation or valve-sparing root replacement, were also excluded. We excluded emergency cases because we thought that obtaining informed consent and waiting for the allocation process for randomization were impractical in patients with acute aortic dissection or impending rupture of the aortic aneurysm. In addition, increasing the number of confounding factors related to acute cases was deemed likely to cause further inhomogeneity of the patient population, which might have hampered the comparison. Aortic root replacement was excluded because it was difficult to inspect the anastomosis and judge the hemostatic status after the heart was reperfused.
The study was approved by the internal review board of each hospital and also by the PMDA. Written informed consent was obtained from each patient. The study was registered to the University Hospital Medical Information Network (UMIN)-Clinical Trial Registry (CTR) system with an ID of UMIN000023683. The UMIN-CTR system is accepted by the International Committee of Medical Journal Editors (ICMJE). We waited to submit our findings to the journal until the sealant had been approved and become commercially available; following such approval, large-scale post-market surveillance is routinely required by PMDA to further clarify the safety issues, especially regarding infection and inflammation of the product (please refer to "Discussion" regarding the issue). For this reason, it took a long time to submit the paper once this clinical study had been completed.
Surgical sealant
The sealant is a viscous liquid of diisocyanate-endcapped prepolymer (Matsudaito, Sanyo Kasei Co., Ltd., Kyoto, Japan). The liquid PEG-PPG copolymer segment has a very high water uptake characteristic, whereas the fluorinated isocyanate group reacts with water to form cross-linking and polymerization ( Fig. 1 ). Although some diisocyanates, such as tolylene diisocyanate, are known carcinogenic substances, the fluorinated hexamethylene diisocyanate used in this sealant has no known carcinogenic or mutagenic potential [6] .
A major favorable feature of this sealant is its hydrophilic property, which allows the sealant to penetrate places where water molecules exist and start reacting with water to form a seal tightly attached to the tissue (Fig. 2 ). According to the manufacturer's data, the curing time (the time required to complete polymerization) at 20, 28, and 37 °C was 230, Fig. 1 The chemical structure of the sealant. The liquid PEG-PPG copolymer segment (Polyols) has a very high water uptake characteristic, and the fluorinated isocyanate group (Isocyanate) reacts with water to form cross-linking and polymerization 150, and 80 s, respectively. For practical purposes, we asked surgeons to press the anastomosis over the silicon strip after applying the sealant for at least 3 min. The design concept, detailed synthesis procedure, curing rate, elastomeric properties, tissue adhesive property, and workability have been described previously [5, 6] .
Besides the animal studies described above, small-animal experiments, mainly involving the subcutaneous implantation of the sealant in rats, were performed following "ISO 10993-6:1994. Biological evaluation of medical devices Part 6: Test for local effects after implantation." The experiments showed no adverse effects and the results were reported to the PMDA before starting this clinical trial.
Study protocol
The patients were randomly allocated into two groups: Group S (patients with the sealant) and Group C (control group), at a ratio of 2:1, respectively, using a computer-generated randomization protocol. Our data from large-animal experiments showed that the number of patients required to show a difference in hemostasis was 30 per group. This was based on the assumption that successful hemostasis rates obtained before protamine administration were 65% and 30% in Groups S and C, respectively, with an average of three anastomoses per patients. In Group S, the total number of patients was set at 60, because the PMDA required us to include 60 patients to clear the safety issue by increasing the sensitivity for examining the adverse effects of the sealant.
In Group S, the sealant was applied to the anastomosis when each anastomosis was made. No other hemostatic material was allowed to be used before the primary endpoint evaluation. Patients in Group C were allowed to be treated throughout the procedure with any hemostatic method or material available, except for the current elastomeric sealant.
Primary endpoints
We set two primary endpoints. The first primary endpoint was bleeding from the anastomosis immediately before the administration of protamine sulfate. The presence of bleeding was judged by the inspection of at least two surgeons and recorded as "yes" or "no," in an "all or none" manner; for example, even if bleeding was noted from only one needle hole, it was still recorded as "yes." A judgement of "no" for bleeding therefore implies "complete hemostasis." The second primary endpoint was bleeding from the anastomosis 15 min after the start of protamine administration. Bleeding was judged in the same manner as in the first primary endpoint evaluation.
Secondary endpoints
The following items were used as secondary endpoints: (1) the length of time between the start of protamine administration and the end of surgery, (2) the amount of bleeding during surgery, (3) the amount of transfusion, and (4) additional hemostatic procedures after protamine sulfate administration. Because the tissue surface is always moistened and covered with water, the sealant starts reacting immediately when applied to the tissue surface. The sealant penetrates places where water molecules exist due to its hydrophilic nature and starts reacting with the water to form a seal tightly attached to the tissue. During the reaction, small carbon dioxide gas bubbles are generated by the sealant
Follow-up for adverse events
Patients were followed up for 6 months after the surgery. Each patient underwent chest computed tomography (CT) before discharge. A physical examination and chest X-ray were performed at 6 months after the surgery. Any adverse events were requested to be reported with specified report sheets. The length of the follow-up (6 months) was established based on a request from the PMDA. Apart from the study, a longer follow-up for gathering data for adverse events was performed as post-marketing surveillance as requested by the PMDA with a larger number of patients followed for at least 1 year, which has been completed recently.
All data were collected and recorded on a standardized report sheet, and the accuracy was confirmed and audited at the Clinical Research Department/Institute of each hospital.
Statistics
With categorical variables, such as "bleeding (yes or no)" in the primary endpoints, Fisher's exact test was used for the statistical comparison. With continuous variables, such as the time from the start of protamine sulfate administration to the end of surgery, bleeding volume, or transfusion volume, a t test was used for the statistical comparison. A two-sided significance level of 5% and a two-sided confidence level of 95% were used to determine the significant differences between the two groups.
Results
Patient allocation
Between December 6, 2006 and September 25, 2009, a total of 86 patients gave their informed consent and were allocated to Groups S (n = 59) and C (n = 27) ( Fig. 3 ). Four patients were excluded from Group S before surgery. Of these four patients, surgery was postponed in two and they did not enter the study thereafter. The other two patients were excluded because severe stenosis of the cerebral artery was found preoperatively in one, while the other developed dissection of the subclavian artery (SCA) during end-toside anastomosis of the vascular prosthesis to the SCA in preparation for cardiopulmonary bypass as the arterial blood return route. Thus, 55 patients ultimately underwent surgery in Group S. One patient allocated to Group S was excluded after the surgery; this patient underwent total arch replacement and the sealant was applied to each anastomosis, but a large part of the sealant was removed to check the bleeding point, which resulted in the removal of most of the adventitia. The sealant was not reapplied thereafter. The case was treated as a protocol deviation and was not included in the primary endpoint evaluation, but was still followed for 6 months. The study therefore ultimately consisted of 54 patients receiving sealant (Group S) and 27 not receiving the sealant (Group C).
Follow-up was completed in 51 patients in Group S and 23 patients in Group C. The reasons for incomplete follow-up in the eight patients were deaths in five (three patients in Group S, two patients in Group C) and a lack of 6-month follow-up data in three (one patient in Group S, two patients in Group C). Patients' background data are shown in Table 1 . There were no significant differences in patients' demographics or background characteristics between the two groups.
Operative procedures and technique of applying the sealant
Operative procedures and the anastomotic sites checked for bleeding are shown in Table 2 . Of the 81 patients, more than half (42 patients) underwent total aortic arch replacement. Percentage of total arch replacement in Group S was 48% and it was smaller than that of Group C (63%), but it did not reach statistical significance (p = 0.209). The numbers of cardiac procedures other than aortic surgery performed at the time of surgery are summarized in the lower part of Table 1 .
A total of 313 anastomoses were checked for bleeding. There were 196 anastomoses in Group S and 117 in Group C ( Table 2 ). The types of anastomoses ("aorta-graft," "graft-graft," "arch vessel-graft," etc.) are summarized in Table 3 . In Group S, the sealant was applied to the anastomoses when the anastomosis was made. A strip of silicon was used, when indicated, to apply the sealant to the anastomosis. As previously described, the judgment of "no bleeding" was made only when complete hemostasis was obtained.
Endpoint results
As shown in Fig. 4 , complete hemostasis was obtained in 79% of the patients in Group S but only in 38% in Group C. Similarly, the rate of complete hemostasis 15 min after starting protamine administration was significantly higher in Group S (88%) than in Group C (61%) (p < 0.001). Individual hemostasis rate according to the type of anastomoses is given in Table 3 . Significant differences in secondary endpoints were found in the incidence of an additional hemostatic procedure, which included additional surgical stitch placement or the application of hemostatic agents to the anastomosis. The amount of transfusion, especially the amount of fresh-frozen plasma used during the operation, tended to be smaller in Group S than in Group C, but not to a significant degree (Table 4 ).
Adverse events
There were five hospital deaths: three deaths in Group S (hospital mortality rate 5.7%) and two deaths in Group C (7.4%). The causes of deaths in Group S were pneumonia, multiple organ failure, and mediastinitis following skin wound contamination. With regard to the patient who died of mediastinitis, CT taken 20 days after total aortic arch showed no sign of infection in the mediastinum. The skin wound infection occurred after 4 weeks of surgery. We thus speculated that the source or origin of infection was the skin, not the anastomosis. The causes of the two deaths in Group C were intraoperative stroke and sepsis following cholangitis. Among the patients who were discharged, there were no deaths during the 6-month follow-up period. The complications observed during the follow-up period are shown in Table 5 . There were no significant differences in the incidence of each complication between the two groups.
Discussion
In the present study of aortic aneurysm repair using cardiopulmonary bypass, patients whose anastomoses were treated with the sealant showed a significantly higher complete hemostasis rate than the control group patients who received standard surgical care. These results are very encouraging, as thoracic aorta replacement still carries high morbidity and mortality rates despite technological advances [9, 10] , with this high risk being largely related to intraoperative bleeding. The nature of the disease, which is often complicated by a frail aortic wall in aortic dissection or inherent coagulation disorders, makes the situation worse [11] . The current sealant exerts its hemostatic property independent of the host coagulation system, as evidenced by the high hemostasis rate evaluated before protamine sulfate administration. Although the current study design allowed for the enrollment of patients who underwent elective repair of true aneurysm without preoperative coagulation disorders, the results highlight the promising features of the sealant when used in corrective surgery for acute aortic dissection or impending rupture of an aortic aneurysm, in which the coagulation system is jeopardized.
The sealant discussed in this study, diisocyanate-endcapped prepolymer, has several unique features. Its hydrophilic property allows the sealant to penetrate gaps or needle holes where water molecules exist and start to polymerize by reacting with water. This produces an anchored seal attached to the site of anastomosis, thereby resulting in highly efficient hemostasis, as shown in a previous animal experiment. In that experiment, the sealant completely controlled the bleeding from an end-to-end anastomosis of a porcine carotid artery made with four stitches of simple interrupted sutures [8] . The efficient hemostatic property observed in our animal experiment was confirmed in the current study to be just as effective in the clinical setting of thoracic aorta surgery.
The sealant does not require the mixing of two agents, such as fibrin glue or BioGlue, to kick-start a reaction. Instead, the reaction is initiated by contact with water, similar to cyanoacrylate. However, the cured material after polymerization is quite different between these two agents. For example, cyanoacrylate has no elastomeric properties, whereas the current sealant is elastomeric, allowing the arterial anastomosis to pulsate. In our animal experiment, the inelastic property of cyanoacrylate caused thinning of the arterial wall, whereas the application of the current sealant to the aortic wall did not cause any thinning of the abdominal aorta [8] . It should be noticed that the sealant expands after the completion of curing process. According to the maker's data, it expands 46% in length and 210% in volume. Excessive use of the sealant should be avoided because when CT is taken after surgery, substantial layer of the sealant Fig. 4 Hemostatic condition at the anastomoses before protamine sulfate administration. The right bar graph shows the complete hemostasis rates Table 4 Results of secondary endpoints a One patient was excluded from the endpoint analysis because of bleeding from the injured pulmonary artery. Thus, the number evaluated is 53 instead of 54. The bleeding was considered to be unrelated to the bleeding from the anastomosis where the sealant had been mimics free air around the anastomosis, which makes it difficult to diagnose infection. The current results are very favorable compared to those of previous reports regarding hemostatic agents. Cosselli et al. reported a series of patients whose anastomoses were treated with a protein-based tissue adhesive [1] . The hemostasis rate in their study was 81% in a mix of patients who underwent cardiac, aortic, and peripheral vascular procedures. In their series, nearly half of the patients did not require cardiopulmonary bypass, whereas in the current series, cardiopulmonary bypass was used in all patents and the surgical procedure was limited to aortic aneurysm repair, one of the most invasive operations in the field of cardiovascular surgery. Glickman et al. performed a randomized controlled trial showing equivalent sealing success with a polymeric sealant and a gelfoam/thrombin hemostatic agent [4] . The patients underwent either infrainguinal revascularization or the start of dialysis. In their series, heparin was used in more than 90% of cases and approximately 50% of the patients had intraoperative heparin reversal with protamine, but none was on cardiopulmonary bypass. An encouraging point of our study is that a hemostatic effect of the sealant was observed immediately after coming off of cardiopulmonary bypass, when patients were still fully heparinized. This result indicates that the sealant exerts its effect independent of the blood coagulation capacity, implying that it will be effective even in tough situations, such as in patients with acute aortic dissection, impending aortic aneurysm rupture, or severe perioperative coagulopathy.
Although the difference in the amount of bleeding did not reach statistical significance, had a larger number of patient been included, the results might have been different, as the p value was relatively small, especially for fresh-frozen plasma (p = 0.057). Post-marketing surveillance with 538 patients showed that the hemostatic function of the sealant was highly effective in 90.1% of the cases (data submitted to PMDA). Although the surveillance is not a randomized trial, we are highly convinced that the sealant is effective in controlling the bleeding clinically.
Assumptions concerning the issue of patient number should be made carefully, as while the difference did not reach statistical significance, the incidence of pleural effusion and pericardial effusion tended to be higher in Group S than in Group C. Currently, post-marketing surveillance has been completed under the guidance of the PMDA. The surveillance enrolled more than 500 patients and 1-year followup has been completed. The incidence of pleural effusion in the surveillance was 15.1% (87/576), which was not markedly different from the incidence of pleural effusion in the control group of this study (22.2%). Similarly, the incidence of pericardial effusion in post-marketing surveillance was 4.3% (25/576), which was not significantly different from the incidence in Group C (3.7%). Based on these data, we assume that pleural and pericardial effusions are not adverse effects specifically related to the sealant. But because of its non-absorbable nature, continuing attention should be payed as same as the other devices or prosthesis designed to remain in the human body.
Several limitations associated with the sealant should be noted. The sealant cannot be pressed with gauze pads or directly touched with gloved fingers, as the sealant strongly adheres to such materials, so if you try to remove the gauze or gloves, it will remove the adventitia attached to the pad. It is therefore recommended that the sealant be pressed over a silicon strip (which does not adhere to the sealant) that can then be removed after the sealant has completely cured, which requires no longer than 3 min. In addition, the study was limited by its open label, non-blinded protocol. Another limitation of note is that the primary endpoints were judged by the inspection by surgeons, whose opinion may have been biased by the open-label nature of the study. However, given the high significant difference in the hemostatic rate between Table 5 Adverse events a Please refer to the explanation in Table 4 for the reason the number is 53 instead of 54
Items
Group S (N = 53 a ) Group C (N = 27) p value N (%) N (%) the groups, we consider the results to be reliable despite the fact that the evaluation relied on surgeons' inspection. Usage of the sealant with or without Teflon felt reinforcement should be noted. Applying the sealant over Teflon felt caused no problem. Indeed, Teflon and the polymerized sealant have a high affinity, which may enhance the sealing property. However, the usage of Teflon felt is not a prerequisite. Because "graft-graft" anastomosis, which does not require Teflon felt, as depicted in Table 2 was equally wellmanaged by directly applying the sealant to the anastomosis. The hemostasis rate in "graft-graft" anastomosis was similarly high (73.9%, 17/23).
Conclusion
The elastomeric sealant was highly effective and safe when used in thoracic aorta surgery. Further study is warranted to test its efficacy in sicker patients such as with acute aortic dissection or impending rupture of the thoracic aorta.
Compliance with ethical standards
Conflict of interest The work was supported by Sanyo Chemical Industries, Ltd., as a clinical trial. One of the authors (S.M.) serves as a consultant to Sanyo Chemical Industries, Ltd. The rest of the authors have no conflict of interest. All authors have full control of all primary data and that they agree to allow the journal to review the data if requested.
Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0 International License (http://creat iveco mmons .org/licen ses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, and indicate if changes were made.
